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From m e c h a n i s t i c
p o i n t o f view t h e f o l l o w i n g a s p e c t s a r e d i s c u s s e d ; i ) S t r u c t u r er e a c t i v i t y r e l a t i o n s h i p ; i i ) R e a r o m a t i z a t i o n of t h e r a d i c a l add u c t s ; i i i ) S o l v e n t and i s o t o p e e f f e c t s ; i v ) Overlap a r e a w i t h i o n i c r e a c t i o n s .

The s y n t h e t i c developments concern t h e f o l l o w i n g t o p i c s : i ) Sel e c t i v i t y w i t h c a r b o n y l r a d i c a l s ; i i ) Alkyl i o d i d e s a s s o u r c e s of a l k y l r a d i c a l s ; i i i ) A l k y l a t i o n by c a r b o x y l i c a c i d s ; i v ) V i n y l a t i o n by o l e f i n s ; v ) O x y a l k y l a t i o n by e t h e r s ; v i ) C a t a l y t i c p r o c e s s e s ; v i i ) S u b s t i t u t i o n w i t h s t r o n g l y n u c l e o p h i l i c r a d i c a l s . F r e e -r a d i c a l r e a c t i o n s were c o n s i d e r e d f o r l o n g t i m e synonymous w i t h u n s e l e c t iv i t y . Apart from t h e u n i n t e r r u p t e d t h e o r e t i c a l i n t e r e s t and t h e importance i n t h e b a s i c c h e m i c a l i n d u s t r y ( v i n y l p o l y m e r i z a t i o n , o x i d a t i o n by m o l e c u l a r oxygen, c h l o r i n a t i o n o f methane e t c . , i n which t h e use of s t r u c t u r a l l y s i m p l e molecules makes l e s s d r a m a t i c t h e problems of s e l e c t z v i t y ) , t h e y were c o n s i d e r e d of poor i n t e r e s t by t h e o r g a n i c c h e m i s t s , w i t h f e w e x c e p t i o n s , f a r t h e s y n t h e s i s o f f i n e c h e m i c a l s a n d complex molecules, where a h i g h s e l e c t i v i t y i s an e s s e n t i a l cundzt i o n f o r t h e s y n t h e t i c s u c c e s s .
Barton h a s been t h e most i m p o r t a n t among t h e s e e x c e p t i o n s : e v e r s i n c e 1960 he h a s 1 been a p r e c u r s o r showing by t h e "Barton r e a c t i o n ' ! t h e s y n t h e t i c p o t e n t i a l i t y of t h e f r e e -r a d i c a l r e a c t i o n s f o r t h e s e l e c t i v e s y n t h e s i s o f complex m o l e c u l e s .
I n t h e l a s t 1 5 y e a r s f r e e -r a d i c a l r e a c t i o n s have, however, g a i n e d a remarkable
p o s i t i o n among t h e s e l e c t i v e methods of s y n t h e s i s o f s o p h i s t i c a t e d molecules and
2 have been n o t i c e d a s t h e i m p o r t a n t f a c t o r i n b i o l o g i c a l p r o c e s s e s . I n this development t h e Barton r e s e a r c h h a s played a l e a d e r s h i p and a drawing r o l e .
I n 1968 we have showed, i n a p r e l i m i n a r y r e p o r t , t h a t a v a r i e t y of s e l e c t i v e r e a c t i o n s c o u l d be r e a l i z e d by t a k i n g advantage of t h e p o l a r e f f e c t s a r i s i n g from t h e n u c l e o p h i l i c c h a r a c t e r o f t h e c a r b o n -c e n t e r e d r a d i c a l s i n t h e r e a c t i o n s w i t h
electron-deficient substrates (olefins conjugated with electron-withdrawing groups, protonated heteroaromatic bases, quinones, biacetyl). Electron-poor olefins and heteroaromatic bases were revealed to be particularly interesting for the syntheticinvolvemcnts; the alkylation of these olefins has shown a 4 large synthetic potentiality , and the substitution of heteroaromatic bases by nucleophilic carbon-centered radicals has been developped as one of the most im-
5
portant general reactions in heteroaromatic series . The great interest of this last reaction results from the fact that it reproduces most of the numerous aspects of the Friedel-Crafts aromatic substitution, but with opposite reactivity and selectivity. The most recent mechanistic and synthetic involvements, to which also Barton6 has brought a relevant contribution, will be reviewed in this paper.
MECHANISM OF THE SUBSTITUTION OF PROTONATED HETEROAROMATIC BASES WITH NUCLEO-PHILIC CARBON-CENTERED RADICALS
As for all the homolytic aromatic substitutions, the overall process is characterized by three steps:
i) Generation of the carbon-centered radical (eq. 1 )
ii) Addition to the protonated heterocyclic ring (eq. 2)
iii) Rearomatization of the radical adduct (eq. 3 )
Carbon-centered radicals are reactive species and react fast in a large variety of interactions (hydrogen and halogen abstraction, addition to unsaturated systems, oxidation, reduction, isomerieation, dimerization, disproportionation, etc.). Particularly, they react with moat of the common solvents utilized in organic synthesis. Thus a high regio-and chemoselectivity are required as prelimilary condition for the synthetic success.
a) Structure-reactivity relationship in the reaction of carbon-centered radicals with protonated heteroaromatic bases Table 1 shows some rate constants for the addition of carbon-centered radicals to benzene, protonated and unprotonated heteroaromatic bases. These and hundreds of similar results5 indicate that a highly regioselective addition occurs with protonated heteroaromatic bases.
-1 -1 The results of Tab1.e 1 emphasize some fundamental aspects of the reaction:
i) The unprotonated bases are generally a s reactive and selective as benzene derivatives (all the free aromatic positions are attacked). The protonation causes a high increase of reactivity and selectivity for alkyl and carbonyl radicals, but does only a moderate increase for the phenyl (and in general aryl) radical.
ii)
The rates of addition of alkyl and acyl radicals to protonated heteroaromatic bases are much higher than those of most of the possible corn$+ titive reactions of the same radjcals, particularly with the common solvents. That makes successful the use of a large variety of radical sources and carbon-centered radicals.
iii) t-Alkyl, hydroxymethyl and acyl radicals are m o m reactive than primary alkyl radicals, in spite of the fact that the addition enthalpy is unfavourable and also the steric effect is unfavourable with t-alkyl radicals.
The polar effect clearly appears to be the dominant factor in determining the reactivity;sudh is also the case with their high regioselectivity.
iv) The phenyl is a highly reactive, unselective radical, in agreement with the Reectivity-Selectivity Principle. However, the Principle can be reversed when polar effects are dominant. Thus the phenyl radical is often much more reactive and less selective than the alkyl and acyl radicals;
that occurs also in the addition to benzene. However, with protonated heteroaromatic bases acyl and alkyl radicals are not only much more selective, but more reactive than the phenyl radical, once again showing the dominant role of the polar effect. This last affects the rates of the radical additions to the heteroaromatic ring by decreasing the activation energy as the electron-deficiency of the heterocyclic ring increases (Table 2) The mechanism, illustrated by eq. 4, has been envisaged in the rearomatization step of the heteroaromatic s u b s t i t u t i~n~~'~~ (eq. 4)
C l e a r l y t h i s mechanism can work f o r t h e a t t a c k a t t h e ff and y , h u t n o t i n Moreover, the ionization potential of 01 -aminoalkyl radicals: (5.4-6.1 eV) are the lowest among so far observed organic or organometallic species16, close to those of lithium (5.39 eV) and sodium (5.14 eV), indicating that the pyridinyl radicals can bchave as potent reducing agent towards weak oxidants. That contributes to make fast and selective the rearomatization of the heterocyclic radical adduct (eq. 4). Kinetic studies13b strongly support the mechanism of eq. 4. Several sources of nucleophilic alkyl and carbonyl radicals undergo, in fact, a marked induced decomposition during the heteroaromatic substitution.
Thus, for example, the thermal decomposition of benzoyl peroxide in several solvents (R-H) in the presence of protonated lepidine gives high yields of substitution according to eq. 6.
At the same time a remarkable induced decomposition of the peroxide (Table 3) is observed and the reaction is inhibited by the presence of oxygen. 
Scheme r
The high reducing ability of the pyridinyl radical makes fast and selective the one-electron reduction of the benzoyl peroxide, causing a significant induced decomposition and a chain process.
Similar induced decompositions were observed13b during the substitution of lepidine with benaoyl peroxide and alkyl iodides, with lauroyl peroxide and with peroxydisulphate and carhoxylic acid indicating the general feature of the kinetic behaviour, which supports the mechanism of the rearomatization step. Actually, we have observed'3a a significant solvent effect, which remarkably affects the regio-and ohemoselectivity, and also the deuterium isotope effect in the substitution of protonated pyridines by nucleophilic carbon-centered radicals, as the results of the Tables 4, 5 and 6 show.
Particularly the results of Table 4 show that only the 0 1 and 7 positions of protonated pyridine are attacked, with the exception of phenyl radical which attacks also at the @-position in small amount (4-6 8 ) . The regioselectivity is independent of the radical source, but it depends mainly on the solvent. This dependence is small but still significant with the phenyl radical (the least nucleophilic), and it progressively increases with the increase of the nucleophilicity of the radical from methyl to primary, secondary, tertiary alkyl, dioxanyl and OL-THF radicals. With the most nucleophilic radicals (t-Bu, OL-THF) no substitution was observed with unprotonated pyridine,
clearly showing that only the protonated base is involved in the substitution.
With the benzyl radical no substitution was observed even with protonated pyridine, but bibenzyl was the only reaction product; with more activated bases, such as cyanopyridines, quinolines, quinoxalines, the benzyl-substituted products were easily obtained17 (see also Table 6 ).
The increased isotope effect ( Table 5 ) reflects an increased reversibility of the radical addition, which is related to the reaction enthalpy.
Thus the general mechanism of the reaction is illustrated by the Scheme 2.
Scheme 2
Eqs. 8 and 9 account for the rates of the OL and ' y positions.
(, k and k are sensitive to the isotopic composition of the substrate, where- 2 4 as kl(k-l) and k (k ) are effectively independent of it. Consequently, an 3 -3 increase in the partition factors, k-l/k2L-~-7 and k /k L-8-7, moving the 
k i n e t i c c o n t r o l towards t h e second s t e p , i n c r e a s e s t h e s e n s i t i v i t y o f t h e react i o n t o base c a t a l y s i s and t h e magnitude of t h e k i n e t i c i s o t o p
With phenyl r a d i c a l , no i s o t o p e e f f e c t has been observed, i n d i c a t i n g t h a t t h e f i r s t s t e p o f t h e mechanism o f t h e Scheme 2 i s r a t e -d e t e r m i n i n g :
k -1<<k2L-~-7 and k <<k 1 -8 1 , t h e t e r m s i n 1-B-7 f a l l o u t ; k
and t h e a d d i t i o n t o t h e p y r i d i n e r i n g is s u b s t a n t i a l l y i r r e v e r s i b l e .
The behaviour of t h e b e n z y l r a d i c a l must be a s c r i b e d t o t h e o t h e r extreme, when k l>>k2L-~-7 and k >>k L-B-~; t h e lower a d d i t i o n e n t h a l p y d e t e r m i n e s - 
With i s o p r o p y l and OI-THF r a d i c a l s a s i g n i f i c a n t i s o t o p e e f f e c t h a s been obs e r v e d , i n d i c a t i n g t h a t t h e C-H bond i s broken i n a r a t e -d e t e r m i n i n g s t e p .
The r e s u l t s s u g g e s t t h a t t h e t e r m s k2L-B-7 and k4L-B-7 a r e i n t h e s e cases comparable, r e s p e c t i v e l y , t o k-l and k and t h e r a t e depends on L-B-~ i n -3 non l i n e a r way. Under n o n l i n e a r c a t a l y s i s , s m a l l changes i n t h e r e a c t i n g s y stem can have l a r g e e f f e c t s on t h e k i n e t i c s .
Thus t h e s o l v e n t and t h e base c a t a l y s i s can i n f l u e n c e t h e r e v e r s i b i l i t y of t h e r a d i c a l a d d i t i o n ( t h e t e r m s
k2L-B-7 and k 4 1 -~-h which can be one of t h e f a c t o r s i n f l u e n c i n g t h e g e n e r a l behaviour.
The i s o t o p e e f f e c t i n d i c a t e s t h a t t h e r e v e r s i b i l i t y i s h i g h e r i n w a t e r t h a n i n benzene o r THF; it a p p e a r s t h a t t h e p o o r l y s o l v a t e d r a d i c a l i o n p i r i n bonzene (eq. 10) i r r e v e r s i b l y l o s e s t h e p r o t o n from t h e C-H bond f a s t e r t h a n t h e s o l v a t e d r a d i c a l i o n i n w a t e r (eq. 11)
The r e s u l t s of T a b l e 6 show t h a t t h e r e l a t i v e r a t e s , determined by t h e competit i v e method, between l e p i d i n e and 4-cyanopyridine a r e d r a m a t i c a l l y i n f l u e n c e d
by t h e s o l v e n t . Water s t r o n g l y i n c r e a s e s t h e r a t e of 4-cyanopyridine r e l a t i v e t o l e p i d i n e compared w i t h benzene, t o l u e n e o r THF.
C e r t a i n l y t h e d i f f e r e n t e q u i l i b r i a of p r o t o n a t i o n (4-cyanopyridine i s less b a s i c t h a n l e p i d i n e ) a r e an u n f a v o u r a b l e f a c t o r f o r t h e a l k y l a t i o n o f 4-cyanop y r i d i n e i n o r g a n i c s o l v e n t s . The f a c t , however, t h a t a l s o w i t h a l a r g e excess of a c i d i n o r g a n i c s o l v e n t s t h e r e l a t i v e r a t e s a r e q u i t e d i f f e r e n t from t h o s e o b t a i n e d i n aqueous s o l u t i o n ~~g g e s t s t h a t o t h e r f a c t o r s must be s i g n i f i c a n t .
The r e v e r s i b i l i t y and t h e s o l v a t i o n of p o l a r t r a n s i t i o n s t a t e s i n f l u e n c e i n w a t e r more t h e a l k y l a t i o n of 4-cyanopyridine, which h a s h i g h e r e l e c t r o n d e f ic i e n c y , t h a n t h e a l k y l a t i o n of l e p i d i n e .
The h i g h e r a c i d i t y o f t h e f f -C -H bond makes l e s s r e v e r s i b l e t h e r a d i c a l a d d i t i o n t o 4-cyanopyridine i n w a t e r (eq. 1 2 )
(higher v a l u e of k ~i t h t h e corresponding r a t e c o n s t a n t f o r l e p i d i n e ) .
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Moreover, t h e s o l v a t i o n o f a more p o l a r t r a n s i t i o n s t a t e (eq. 1 3 ) c o n t r i b u t e s t o determine a h i g h e r r e a c t i v i t y o f 4-cyanopyridine i n w a t e r . 
TABLE 6 -R e l a t i v e r a t e s i n t h e c o m p e t i t i v e a l k y l a t i o n o f 4-cyano
l t s of t h e p r e v i o u s s e c t i o n s c l e a r l y show a g e n e r a l analogy w i t h t h e a d d i t i o n of i o n i c n u c l e o p h i l e s t o t h e pyridinium c a t i o n ( h i g h r e g i o s e l e c t i v i t y i n t h e ff and y p o s i t i o n s and h i g h c h e m o s e l e c t i v i t y ) .
A c t u a l l y t h e s e s i m i l a r , g e n e r a l m e c h a n i s t i c f e a t u r e s a r e more s t r i c t . Thus . According t o t h e HSAB P r i n c i p l e , t h e s o f t e r n u c l e o p h i l e s react faster with the (y position, which is softer than the y position. In terms of frontier orbital theory (FMO) the LUMO of the pyridinium cation has namely the form of that of benzene, but polarized by the nitrogen atom. This polarization has reduced the coefficient at C and the coefficient at C is 3 4
larger than that at C ; the frontier orbital termz1 is largest at C where 2
4'
nucleophiles with high-energy HOMO should attack. The soft-soft reaction is fast because of a large interaction between the HOMO of the nucleophile and the LUMO of the y position.
Now the change of the 01/y ratio with the structure of the alkyl radical in the iubstitution of protonated pyridine (Table 4 ) has a strict connection with the regioselectivity above discussed with ionic nucleophiles. The problem can be considered an extension of the HSAB Principle to free-radical reactions when the polar effect is the dominant factor13a, in the sense that the softness of a nucleophilic radical increases by decreasing the ionization potentials ( -SOMO energy) (similarly, the softness of the ionic nucleophiles increases by decreasing the ionization potentials, which are roughly the energies of the HOMOs). Thus the softness of the alkyl radicals in Table 4 with the pyridinium ion. 
RECENT SYNTHETIC DEVELOPMENTS I N THE SUBSTITUTION OF PROTONATED HETERO-AROMATIC BASES BY NUCLEOPHILIC RADICALS The high r e a c t i v i t y and s e l e c t i v i t y o f t h e a d d i t i o n of n u c l e o p h i l i c carbon-
c e n t e r e d r a d i c a l s t o t h e p r o t o n a t e d h e t e r o a r o m a t i c r i n g s and t h e f a s t rearom a t i z a t i o n o f t h e r a d i c a l adducts, d i s c u s s e d above, a r e t h e main f a c t o r s which arouse t h e g r e a t s y n t h e t i c i n t e r e s t of t h e s u b s t i t u t i o n . These two f a c t o r s allow, i n f a c t , t h e u s e o f a g r e a t v a r i e t y of r a d i c a l s o u r c e s and h e t e r o a r o m a t i c bases. 3 Beginning from 1968 we have s u c c e s s f u l l y u t i l i z e d s e v e r a l of t h e most i mp o r t a n t c l a s s e s of o r g a n i c compounds ( a l k a n e s , a l k e n e s , alkyl-benzenes, a lcohols, e t h e r
P r a c t i c a l l y , a l l t h e carbonyl r a d i c a l s ( a c y l , carbamoyl, a l k o~~c a r b o n y l ) and a l l t h e a l k y l r a d i c a l s without electron-withdrawing groups a t t h e r a d i c a l c e n t e r a r e s u i t a b l e f o r t h e s e l e c t i v e s u b s t i t u t i o n . The a l k y l r a d i c a l s w i t h electron-withdrawing groups a t t h e P p o s i t i o n have s u f f i c i e n t n u c l e o p h i l ic i t y f o r t h e s e l e c t i v e a l k y l a t i o n of t h e h e t e r o a r o m a t i c bases.
A l l t h e h e t e r o a r o m a t i c bases, i n which a t l e a s t nne 01 o r y p o s i t i o n i s f r e e , a r e r e a c t i v e towards t h e s e s u b s t i t u t i o n s ; sometimes a l s o t h e i p s o s u b s t i t u t i o n can occur, always i n t h e 01 a n d 7 p o s i t i o n s . The r e a c t i v i t y and s e l e c t i v i t y g e n e r a l l y i n c r e a s e w i t h t h e number of heteroatoms i n t h e aromatic c y c l e s and i n p o l y c y c l i c h e t e r o c y c l e s . Thus compounds of g r e a t b i o l o g i c a l i n t e r e s t , such a s nucleosides, purine bases, p t e r i d i n e s , a l k a l o i d s , a r e p a r t i c u l a r l y r e a c t i v e towards t h e s e s u b s t i t u t i o n s .
W e have r e p o r t e d a g r e a t d e a l o f r e s u l t s i n s e v e r a l reviews . Same r e c e n t s y n t h e t i c developments a r e d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n s . a ) S e l e c t i v i t y w i t h carbonyl r a d i c a l s The r e a c t i o n r e f l e c t s most of t h e numerous a s p e c t s of t h e F r i e d e l -C r a f t s a r omatic s u b s t i t u t i o n , but w i t h o p p o s i t e reacpt,vity and s e l e c t i v i t y . The aynt h e t i c advantages and d i s a d v a n t a g e s a r e , t h e r e f o r e , o p p o s i t e . Thus i n t h e e l e c t r o p h i l i c process t h e a c y l a t i o n i s much more selective than t h e a l k y l at i o n , because t h e i n t r o d u c t i o n o f an a c y l group d e a c t i v a t e s t h e aromatic r i n g towards f u r t h e r a c y l a t i o n , whereas t h e i n t r o d u c t i o n of an a l k y l group a c t iv a t e s t h e aromatic r i n g towards f u r t h e r a l k y l a t i o n f a v o u r i n g t h e p o l y s u b s t it u t i o n . I n t h e homolytic p r o c e s s t h e behaviour is o p p o s i t e : c a r b o n y l groups a c t i v a t e and a l k y l groups d e a c t i v a t e t h e h e t e r o c y c l i c r i n g . Consequently,
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when more than one position of high nucleophilic Feactivity ( a a n d y ) is available in the heterocyclic ring the polysubstitution at these positions by carbonyl radicals easily occurs, whereas it is diffjcult to arrest the reactjon at monosubstitution. However, this limitation is much less severe as compared with electrophilic alkylation because in any case only the a andy positions of the protonated ring are attacked by the carbonyl radicals and, when only one of these positions is free, complete conversions and only monosubstitution are easily obtained in high yields (that is, a carbonyl group is in any case much less activating than the protonated nitrogen).
The monosubstitution by carbonyl radicals is of synthetic interest in many
cases.
An approachZ2 was developped by taking advantage of the fact that monosubstituted derivatives by the carbonyl groups are always less basic than the starting base and by adjusting the medium acidicy in order that the starting base is, at least in part, protonated and the monosubstituted derivative is unprotonated. The protonated species is much more reactive and monosubstitution can he effected with good selectivity. This approach is actually difficult to ,ent.ralize in homogeneous medium because of the large changes of basicity and reactivity of the starting base and the substituted products. This difficulty has been elegantly overcome by G. "einischZ3 for the alkoxycarbonylation and, with less efficiency, by II. ~i l l i a m s~~ for the acylation by applying a two-phase system procedure. Table 7 illustrates the results obtained in the alkoxycarbonylation by the redox decomposition of the ethyl pyruvate peroxideZ5 by using a two-phase system (water and CH CIZ). Pyrimidine 54
4-Ethoxycarbonylpyridazine
Also t h e s e r e s u l t s a r e based on t h e d i f f e r e n t b a s i c i t y and on t h e p r o t o n a t i o n e q u i l i b r i a between t h e s t a r i i n g b a s e s and t h e r e a c t i o n products, but t h e pre-
sence of t h e o r g a n i c s o l v e n t (CH C 1 ) makes e a s i e r and more g e n c r a l t h e pro-2 2 c e s s by e x t r a c t i n g t h e l e s s b a s i c unprotonated product o f t h e r e a c t i o n . Thc The mechanism i s t h e g e n e r a l one d i s c u s s e d above.
The key s t e p i s t h e f a s t and s e l e c t i v e i o d i n e a b s t r a c t i o n from a l k y l i o d i d e s by a r y l r a d i c a l s (eq. 1 8 )
g e n e r a t e d from a r o y l peroxides o r diazonium s a l t s .
A l t h o x h b a t h r e a c t i o n s gave good r e s u l t s i n many cases (Table 8) , some l i m it a t i o n s a r e encountered w i t h both r a d i c a l s o u r c e s .
Aroyl peroxides do r e a c t w i t h t -a l k p l i o d i d e s , h u t do n o t produce t -a l k y l rad i c a l s due t o i n c o m p e t i t i v e i o n i c r e a c t i o n s . Moreover t h e thermal o r induced decomposition of a r o y l peroxides a t f i r s t produce aroyloxy r a d i c a l s , A r C O O , which r e a c t w i t h s e v e r a l s u b s t r a t e s ( a c t i v a t e d aromatics, o l e f i n s , a l c o h o l s , e t h e r s , amines) i n s t e a d o f g e n e r a t i n g a r y l r a d i c a l s by de-
c a r b o x y l a t i o n .
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The main limitation encountered with diazonium salts is due to the high addition rates of the nucleophilic radicals to the diazonium group, leading to the "free-radical diazo-coupling reaction" 27 (eq. 19).
This competition can be in part restricted by keeping low the stationary concentration of the diazonium salt during the reaction. The advantage of using (MeCOO)' compared with (PhCOO)2 is owing to the fact 2 that the radical MeCOO. decarboxylates much faster than ArCOOa, the limitations encountered with (ArCOO) being avoided. The disadvantage is due to 2 the fact that (MeCOO) is not a comme1.cial product because of its dangerous-2 ness. However, solutions of Me (CO0) in MeCOOH can be easily prepared from 2 Ac 0 and Na 0 and these solutions can be utilized with safety for the hetero- 
( 7 )
In this way complex substrates, such as iodosugars, can he also utilized with good selectivity. For example, 6-iodo-1,2,3,4-diisopropyliden-ff-galactose reacts "ith le~idine giving selectively the corresponding C-nucleoside
28
( e s . 28) Since a large variety of iodosugars is available and the secondary iodides are more reactive and selective than primary alkyl iodides, this new method seems particularly suitable far the synthetic approach of C-nucleosides with heteroaromatic bases, including purine bases, of great interest for the bio-.
logycal activity (i.e. tiamfurin and selenoazofurin). The procedure of eq. 23 is also particularly simple and the methyl radical is generated b~ the acetone peroxide formed i n ((eq. 29).
M~C O M~
+ H 0 r Me C -0-0-7 Me -2 MeC -0. -2 Me. + 2MeCOOH (29) 2 2 C 21 OH OH 2
AH
In the procedure of eqs. 24 and 25 the methyl radical is generated from t-BuO.
radical (redox or thermal decomposition of the peroxides) (eq. 30).
Me CO.
MeCOMe + Me.
(30)
The procedure of eq. 26 is less versatile, due to the sparing solubilities of the persulphate and the alkyl iodide in the react~on medium.
Pyrilium salts can be also selectively alkylated by use of these radical sources.
c ) Alkylation by carboxylic acids
The oxidative decarboxylation of carboxylic acids is a quite general route to carbon-centered radicals (eq. 31), useful far the heteroaromatic substitution A recent new procedure has been developped by Barton and coworkers ; it is based on the free-radical decomposition of thiohydroxamic esters (eq. 32). 
I
OCOR
NH Scheme 3
However, an e l e c t r o n -t r a n s f e r mechanrsm (eq. 3 3 ) i s a n o t h e r p o s s i b l e explan a t i o n , t a k i n g i n t o account t h e h i g h reducing c h a r a c t e r of t h e p y r i d i n y l ra- M a n i f e s t l y t h i s method i s much more complex and expensive t h a n t h o s e previousl y developped by u s , b u t it can be u s e f u l i n t h o s e cases i n which t h e subst r a t e s have a p a r t i c u l a r s e n s i t i t y t o t h e u t i l i z e d o x i d a n t s .
d) Vinylation and &oxvalkvlation by olefins
The decomposition of benzoyl peroxide in the pesence of olefins leads to ~ ~ vinylation of the protonated heteroaromatic bases3' (eq. 34).
The result with I-methylcyclohexene (eq. 35) makes clear the reaction nism.
The benzoyloxy radical, PhCOO. , adds to the olefin and this radical adduct alkylates the base, followed by elimination of benzoic acid (eq. 36). 
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The r e c e n t r e s u l t s o f ?,teenkenJ2 s u g g e s t t h a t t h e a d d i t i o n o f t h e s u l p h a t e r a d i c a l anion t o t h e o l e f i n (eq. 3 9 ) , followed by t h e h y d r o l y s i s of t h e s u lphonic e s t e r , cannot be excluded.
A r a d i c a l c a t i o n i s more probable, when t h e r e a c t i o n i s c a t a l y z e d by Ag (1) s a l t . The main s y n t h e t i c l i m i t a t i o n of t h i s procedure i s t h e low r e g i o and cherno~e l e c t i v i t~ of t h e hydrogen a b s t r a c t i o n by t h e hydroxyl r a d i c a l . I n t h e c a s e oZ dioxane, t r i o x a n e o r some crown e t h e r s i n which only one kind of C-H bond i s p r e s e n t , good r e s u l t s were o b t a i n e d because t h e r e i s no problem o f r e c z i o a e l e c t i v i t y and t h e l o w chemoeelectivity h a s been overcome by usi n g an excess o f e t h e r 3 3 . However, when more t h a n one k i n d of C-H bonds a r e p r e s e n t , a s i n THY, t h e hydrogen a b s t r a c t i o n i s n o t s e l e c t i v e : two d i ff e r e n t r a d i c a l s (eq. 4 1 ) a r e formed and both have s u f f i c i e n t n u c l e o p h i l i c r e a c t
i v i t y toward t h e h e t e r o a r o m a t i c s u h a t i t u t i o n .
To overcome t h i s l i m i t a t i o n we have developped a simple procedure i n which Thus w e have developped new procedures, combining t h e r m a l and redox processe s , which a r e very e f f i c i e n t and r e q u i r e only c a t a l y t i c amounts of i r o n s a l t ( F e ( 1 I ) and F e ( I I 1 ) are e q u a l l y e f f i c i e n t ) .
The redox c h a i n of t h e Scheme 5 i s o p e r a t i n g .
A t room temperature w i t h F e ( I I 1 ) s a l t no r e a c t i o n o c c u r s and o n l y traces of s u b s t i t u t i o n p r o d u c t s a r e formed i n t h e presence o f c a t a l y t i c amount o f F e ( I 1 ) s a l t . Without i r o n s a l t , no s u b s t a n t i a l r e a c t i o n o c c u r s even a t h i g h e r t e m p e r a t u~e s . This means t h a t a t room temperature t h e k i n e t i c c h a i n of t h e Scheme 5 i s s h o r t , due t o t h e f a s t o x i d a t i o n o f F e ( I 1 ) s a l t (eq. 4 4 ) , which breaks t h e chain.
The i n i t i a t i o n s t e p w i t h F e ( I I 1 ) s a l t a p p e a r s t o f o l l o w eq. 45. This s t e p i s r e l a t i v e l y slow and r e q u i r e s t e m p e r a t u r e s h i g h e r t h a n 50°C (gen e r a l l y 70-10O0C) t o be e f f i c i e n t . Moreover, e q . 4 5 i s much slower t h a n t h e s t e p s o f t h e redox c h a i n l e a d i n g t o t h e h e t e r o a r o m a t i c s u b s t i t u t i o n (Scheme 5)
SO t h a t t h e s t a t i o n a r y c o n c e n t r a t i o n of F e ( I 1 ) s a l t remains v e r y low d u r i n g t h e r e a c t i o n , minimizing t h e r e a c t i o n 44.
I n t h i s way good r e s u l t s can be o b t a i n e d (Table 91. A f u r t h e r advantage i s t h a t t h e c a t a l y t i c procedure i s inuch s i m p l e r because t h e s m a l l amount o f i r o n s a l t does n o t i n t e r f e r e
w i t h t h e i s o l a t i o n o f t h e r e a c t i o n products, whereas w i t h s t o i c h i o m e t r i c i r o n s a l t c o n s i d e r a b l e amounts of Fe(0H) p r e c i p i t a t e d u r i n g t h e s e p a r a t i o n of t h e b a s i c r e a c t i o n p r o d u c t s 3 (sometimes complexing t h e h e t e r o c y c l i c compounds), h e a v i l y a f f e c t i n g t h e
o v e r a l l process.
These p r o c e s s e s f o r t h e g e n e r a l c h a r a c t e r , t h e h i g h y i e l d s and s e l e c t i v i t i e s , t h e cheap r e a g e n t and c a t a l y s t , t h e simple e x p e r i m e n t a l c o n d i t i o n s , t h e i nt e r e s t of t h e r e a c t i o n products are s u i t a b l e a l s o f o r p r a c t i c a l a p p l i c a - T h i s procedure h a s been s u g g e s t e d by t h e awareness t h a t a mild o x i d a n t , such as T i ( I V ) s a l t , can s t i l l f a s t and s e l e c t i v e l y o x i d i z e t h e p y r i d i n y l t y p e rad i c a l .
A t t h e same t i m e t h e o x i d a t i o n o f t h e r a d i c a l M~~H O H by T i ( 1 v ) i s much s l o w e r t h a n t h e o x i d a t i o n by F e ( I I 1 ) s a l t and t h a t c o n t r i b u t e s t o s h i f t t h e e q u i l i b r i u m i n t h e Scheme 6 t o t h e r i g h t .
2 2 c Good r e s u l t s of a -h y d r o x y e t h y l a t i o n were a l s o o b t a i n e d by u s i n g benzoyl p e r o x i d e t o g e n e r a t e t h e r a d i c a l MeCHOH (eq. 4 9 ) . Also i n t h i s case t h e res u l t s were e x p l a 
